Basis for the hypoactivity that accompanies rapid weight gain in hamsters. PHYSIOL BEHAV 30(3) [389][390][391][392][393][394][395][396][397] 1983.--The pattern of hypoactivity that accompanies rapid weight gain following septal lesions in hamsters was characterized. Lesioned hamsters displayed reduced levels of running, shorter and slower running bouts, and longer pauses. We examined whether this hypoactivity was due to reassignment of metabolic fuels from supporting physical activity to anabolism, or due to reduced capacity of running to induce psychomotor arousal and mobilize metabolic fuels. Septal lesions were associated with increased rate of ponderal growth and higher titers of circulating growth hormone and insulin. No difference in concentrations of muscle and liver glycogen, percentage of body fat, or the capacity of muscle homogenates to oxidize substrates were identified. Lesioned hamsters ran as fast and as long as control animals on electrical-shock reinforced treadmill, but were unable to generate as much heat in response to injection (0.8 mg/kg) of norepinephrine. We conclude that hypoactivity that accompanies rapid weight gain in hamsters results either from a reduced capacity of running to induce psychomotor arousal and provide incentives that normally motivate that behavior, or from a failure of running to mobilize metabolic fuels at a rate necessary to sustain normal running speed and duration, and not from reduced availability of metabolic fuels or reduced muscle capacity to oxidize metabolic substrates.
Hypoactivity
Weight gain Septal lesions Hamsters BODY weight of animals and humans affects the level of spontaneous physical activity. In response to a weight loss, hamsters [3] , rats [14, 42] , and kangaroo rats [17] increase their levels of voluntary running in a variety of rotating or spinning activity devices. Conversely, weight gain during growth-inducing exercise [2, 3] or as a result of growth-or obesity-inducing lesions of limbic forebrain and hypothalamus in hamsters [7, 8] and rats [11, 22, 26, 31, 48, 52] is correlated with reduced running on activity discs and wheels. Finally, increases in body fatness above the norm in hamsters [3] , genetically obese rats and mice [29, 50, 58] infants [46] , adolescents [12, 30, 49] , and adult humans [1, 13] all are associated with reduced physical activity. Thus, if one examines the relationship between the level of fatness, or the rate of weight change and the levels of spontaneous running activity, in hamsters, an inverse proportionality becomes apparent [3] . At the weight-loss end of the scale, animals jeopardize their energy balance and physical survival by increasing energy expenditure as their energy stores decline. Kangaroo rats will die [17] and underweight hamsters will become comatose and hypothermic [4] from high levels of running activity ff they are exposed to activity devices in the absence of adequate supply of food. At the weight-gnin end of the scale, progressive reduction in voluntary activity levels in animals and humans that are gaining weight may contribute to accumulations of excess energy reserves. Thus, rather than contribute to energy homeostasis, voluntary running appears to be nonhomeostatic and to contribute to energy imbalance. Underweight mammals aggravate this energy imbalance by increasing their levels of voluntary activity, and overweight mammals enhance their fat accumulation by becoming hypoactive.
The nonhomeostatic nature of this relationship has prompted us to investigate the basis for the hypoactivity that accompanies rapid weight gain induced by lesions of rostromedial septum [5] . We tested two hypotheses. The first hypothesis, that hypoactivity results from endocrine and metabolic reassignment of metabolic fuels from supporting physical activity to anabolic processes, as suggested by experiments ofEng et al. [19] was tested in the following ways.
We measured concentrations of serum insulin and growth hormone because of their roles in the control of anabolism and fuel mobilization and storage. We measured quantities of two metabolic fuels that support prolonged physical activities, muscle and liver glycogen and body fat to see whether they differ in hypoactive and control animals. We measured the rate of exidation of metabolic substrates by quadriceps muscle homogenates, and the capacity to run at different speeds and durations on motor driven treadmill to determine whether hypoactive hamsters have reduced capacity to mobilize metabolic fuels. Treadmill experiments also served to rule out damage to motor nervous system as a cause of reduced levels of running.
The second hypothesis that hypoactivity results from reCopyright © 1983 Pergamon Press Ltd.--O0310384/83/030389-09503.00 39(I BORER, POTTER ANI) FILECCtA duced capacity of running to induce psychomotor arousal and mobilization of metabolic fuels was tested in the following ways. We determined that the characteristics of running pattern in hypoactive hamsters consists of reduced speed and duration of running bouts and increased duration of pauses. We introduced electric foot shock in the treadmill experiments to see whether this hypoactivity resulted from the reduced capacity of running to induce psychomotor arousal and provide incentives that normally motivate this behavior. We compared general physical activity and voluntary running activity in lesioned and control animals to see whether rapid weight gain is accompanied by reduction in all types of general movement, or is specific for motivated behaviors requiring higher levels of energy expenditure, such as voluntary running. We measured energy expenditure induced by an injection of norepinephrine to see whether hypoactive hamsters show a reduced capacity to undergo sympathetic arousal that accompanies physical activity.
METHOD

Animals and Maintenance
Adult golden female hamsters, Mesocricetus auratus Waterhouse, were obtained from Engle Laboratory Animals, Farmersburg, IN at the age of ten weeks and at body weights in excess of 90 g. Animals were maintained in temperature (21-22°C) and light-controlled (12L: 12D) rooms with unlimited access to water and Purina 5008 Formulab chow pellets. 12L:12D Photoperiod appears to be photostimulatory in female hamsters. Females continue to display estrous cyclicity, breed [3] , and have high concentrations of circulating prolactin characteristic of long-day photoperiodic exposure [6] . While sedentary, animals were housed in standard suspended rodent cages with wire bottoms.
Measurements of Physical Activity and Energy Expenditure
To induce voluntary running, hamsters were housed in acrylic boxes (30 cm wide, 40 cm long, and 32 cm high) with wire bottoms and a permanently mounted horizontal disc exerciser, 23 to 25 cm in diameter. Disc turns were recorded as revolutions per day (RPD) on electromechanical counters activated by microswitch closures. A Harvard cumulative event recorder with paper speed of 5 cm/min and eventactivated sideway pen excursion (1 mm/4 events) allowed computation of total activity in RPDs, the number and duration of running bouts and pauses, and running speed during a running bout in revolutions per minute (RPM). A running episode was defined as 20 disc revolutions or more flanked by inactive periods of 150 seconds or longer, and pauses, as inactive periods of at least 150 seconds.
To measure levels of genii physical activity, hamsters were housed in acrylic boxes with wire bottoms (29 cm wide, 39 cm long, and 32 cm high) which had three pairs of infrared photoelectric sensors (New Standard Systems, Cincinnati, OH) mounted 4.5 cm above the floor along the cage width at 10 cm intervals. To measure energy expenditure by indirect calorimetry hamsters were placed in a cylindrical chamber 15 cm long and 10 cm in diameter. Room air was forced through the chamber at a flow rate of about one liter per minute. Determinations of oxygen concentration in dehydrated samples of air before and after passage through the animal chamber were made with an S-3A oxygen meter (Applied Electrochemistry, Sunnyvale, CA). Determinations of heat production were made: during one hour of daytime, with food and water present and with animal generally resting; during one half hour following an IP injection of norepinephrine (0.8 mg/kg) [24] and immediately following the baseline oxygen consumption determination,
Growth Inducing Lesions
Rapid somatic growth unaccompanied by obesity, was induced in hamsters by lesions of rostromedial septum 15]. With skull surface horizontal between lambda and bregma, coordinates were, 5 mm ventral from the dura and 2 mm anterior to bregma at the midline. Two mA of direct current was delivered for 20 sec through the uninsulated tip of the stainless-steel electrode. Control operations involved the same procedure except that the electrode was lowered 3 mm below the dura and no current was administered. At the close of testing, hamsters were sacrificed, their brains were fixed in 10% buffered formalin and alternate 80 tzm coronal sections were stained with cresyl violet to determine the extent and location of damage.
Measurements of Somatic Growth
Somatic growth was measured in two ways. Ponderal growth rate was obtained from the least-squares linear regression of weight change as a function of time. Determinations of body fatness [28] also provided further information on the nature of lesion-induced weight increases.
Determinations of Concentrations of Metabolic Fuels
Concentration of glycogen in muscle and liver were determined by the procedure of Good et al. [23] . Percentage of body fat was determined by the procedure of Horwitz [28] .
Determination of Oxidative Capacity of Muscle Homogenates
The capacity of the quadriceps muscle homogenate to oxidize malate and pyruvate substrates was determined by procedure of Hooker and Baldwin [27] .
Hormone Determinations
Blood for hormone determinations was collected in chilled glass tubes following decapitation between the second and the third hour after the onset of light and allowed to clot. Blood collection at the same time of day served to minimize the contribution of ultradian rhythms of hormone release to data variability [10] . Serum was stored at -20°C for determinations of growth hormone and insulin concentrations. Growth hormone was measured with a homologous radioimmunoassay for hamster growth hormone [10] . Insulin determinations were made with a double antibody radioimmunoassay using an antibody against porcine insulin developed in a guinea pig, labeled procine insulin and a purified rat insulin standard (Eli Lilly Research Laboratories). Assay sensitivity was 13-+ 3 pg per tube and interassay coefficient of variation for a standard hamster serum was 15.7%.
Determinations of Running Power and Endurance
Determinations of the ability of hamsters to run at different speeds and to run for prolonged periods of time were made during the period of darkness using a shock-reirdorced motor-driven treadmill (Quinton Instruments Co., Seattle, WA, Model 42-15). In tests of running power, animals ran for two minutes at speeds which ranged from 0.5 km/hr (the preferred running speed of lesioned hamsters) to 2 km/hr (just above the preferred running speed of control hamsters) with the treadmill at a 15% incline. Two minute rest periods separated individual speed tests. The ability of the animal to keep pace with the running belt was noted five times during the two minute speed test and scored as proportion of the two minutes that the animals remained on the belt. In endurance running tests, hamsters ran on the treadmill at 1% incline at 0.64 km/hr for a brief period of acclimatization. The speed was then progressively increased to 1 km/hr for the next hour, to 1.28 km/hr for the following 20-minute period, and by 0.32 km/hr for each subsequent 20-minute period. Hamsters were kept running until exhaustion which was defined as loss or righting reflex.
Calculations [37] of the amount of work on the treadmill were based on the relationship W=FxD, where W stands for work, F stands for force (i.e., animals's weight) and D represents distance that animal raises itself in walking up the incline. D was further determined from the relationship D=(sine 0) x d where d stands for distance traveled along the incline and was derived from d=V.T. V stands for speed of running, and T for time spent running. Running power was derived from the relationship P=WfI" [37] .
Data Analysis
All data are expressed as means and standard errors of the means. Data were analyzed by two-tailed Student's t-tests, Mann Whitney U tests and 2 x 2 analysis of variance. Power and endurance data were evaluated using a profile analysis of the slopes.
Due to nonhomogeneous distribution of hormone values, statistical analyses were performed on logarithmic transformations of the data.
Experiment 1: Amount and Pattern of Voluntary Running Activity and Amount of General Locomotor Activity Following Growth-Inducing Septal Lesions
The objective of Experiment 1 was to characterize changes in locomotor activity that accompany septal-lesion induced acceleration of growth. To that end, quantity and pattern of voluntary running on activity discs were measured as a reflection of goal-directed motivated behavior, and the quantity of general locomotor activity on the cage floor was measured as a reflection of general undirected state of arousal of the animal. It was of interest to determine whether septal lesions induced generalized hypoactivity, or affected one of these motor systems selectively.
Animals and procedures.
Nine lesioned and eight control animals as described were exposed to activity discs during 20 days beginning with the second postoperative day. Ten lesioned and 14 control animals remained sedentary. Growth was determined during postoperative days two through 19. Total running activity was measured in nine septal-lesioned and eight control hamsters between postoperative days 2 and 22. Running patterns were determined in six of the nine lesioned and six of the eight control hamsters during a 24-hour period occurring on postoperative days 10 to 18 with random assignments within conditions. Running speeds were converted from RPM to km/hr assuming functional running diameters ranging between 12 and 18 cm on a 25-cm activity disc [2] . General activity was determined in a separate group of six lesioned and six control hamsters between postoperative days 2 and 14.
Experiment 2: Availability of Metabolic Fuels for Voluntary Running Activity
The objective of Experiment 2 was to determine whether there was a difference in the concentration of the two hormones, insulin and growth hormone, and in the amounts of muscle and liver glycogen and in the fat stores between lesioned and control hamsters that could account for differences in their levels of voluntary activity.
Animals and procedures. Twenty-one septal lesioned and twenty-one control hamsters were used for determination of muscle and liver glycogen. Thirteen animals in each group were killed on postoperative day 20, and the remainder on postoperative day 45. Seven septal lesioned and seven control animals killed on day 20, and all of the animals killed on day 45, were used for body fat determinations.
Experiment 3: Power and Endurance Capacities of SeptalLesioned and Control-Operated Hamsters on Shock Reinforced Motor Driven Treadmill
The purpose of Experiment 3 was to determine whether septal-lesioned hamsters could run as fast and as long as control operated hamsters when motivated by electric foot shock delivered any time animals failed to keep pace with the running belt.
Animals and procedures. Ten septal-lesioned and ten
control-operated hamsters were exposed to a speed-ofrunning test on postoperative day 36, to endurance test on postoperative days 43 and 50, and to three days of voluntary disc activity between postoperative days 51 and 52. Results were expressed in units of time, in units of work, or in units of power necessary to perform the work, respectively. Conversion to work or power units was necessary to correct for variation in the amounts of work imposed by differences in body weight between septal-lesioned and control animals, particularly in the endurance test in which animals' weights and length of running at individual speeds contributed to significant variation in total energy output.
Experiment 4: Capacity of Muscles to Utilize Metabolic Substrates in SeptaI-Lesioned and Control Hamsters
The purpose of this experiment was to determine whether rapid growth, induced by septal lesions, was associated with reduced capacity of muscles to oxidize metabolic fuels for exercise.
Animals and procedures.
Quadriceps muscle from animals in Experiment 3 were used for measurements of oxidative capacity.
Experiment 5: Norepinephrine-lnduced Thermogenic Capacity in Septal-Lesioned and Control Hamsters
The purpose of this experiment was to determine whether septal lesions reduced hamster's capacity for sympathetic activation of heat production.
Animals and procedures.
One hour determination of resting metabolic rate was made during the light period immediately followed by a 30 minute determination of oxygen consumption in response to an injection of norepinephrine (0.8 mg/kg) during postoperative days 7-14 in six lesioned and six control hamsters. 
RESULTS
Experiment 1: Amount and Pattern of Voluntary Running Activity and of General Locomotor Activity Following Growth-Inducing Septal Lesions
Septal lesions led to significant increase in the rate of ponderal growth as did exercise in neurolol0cally-intact hamsters (Table 1 ). In addition, septal lesions induced significant reductions in the level of voluntary running activity (Table 1) . Lesioned hamsters engaged in the same number of running bouts, but their running bouts were shorter, total pause time between their runs was longer and their running speed was lower than in control operated hamsters ( Table 1) . The preferred running speed of septal lesioned hamsters was between 0.4 and 0.6 km/hr and of control operated hamsters between 1.2 and 1.9 km/hr. Although the septal lesions were associated with reduced levels and speed of voluntary dis running, deficit in this goal-directed motivated behavior was not accompanied by generalized hypoactivity. Instead, sely tal lesioned animals generated as many photobeam breaks on the cage floor as did the control-operated hamsters (Table I) .
Experiment 2: Availability of Metabolic Fuels for Voluntary Running Activity
Septal lesioned animals displayed significantly higher rates of ponderal growth, and had significantly higher concentrations of serum insulin and growth hormone. However, concentrations of metabolic fuels, i.e., muscle and liver glycogen and percentage of body fat, did not differ between lesioned and control operated animals (Table 2) despite the significant increases in body weight induced by lesions (to 136___3.4 g by day 20, and 180.4_+6.2 g by day 45 compared to corresponding weights of 114.__+4.4 g and 115.1__.6,2 g in sham operated hamsters, p<0.001).
Experiment 3: Power and Endurance Capacities of Septal Lesioned and Control Operated Hamsters on ShockReinforced, Motor-Driven Treadmill
As in Experiments 1 and 2, (also 5), septal lesions induced significant acceleration ofponderal growth. Between days 1 and 50, ponderal growth rate was 1.0_0.1 in the lesioned animals and 0.3__+0.01 in the controls (p<0.001). Capacity of lesioned and control hamsters to run on shock-reinforced treadmill at different speeds is illustrated in Fig, 1 . Profile analysis of the length of time on the treadmill as well as of power necessary to run at different speeds, showed no impairment in the running capacity of lesioned hamsters as compared to controls.
Endurance capacity of lesioned hamsters did not differ from that of controls whether it was expressed in units of time, or after normalization for weight differences, in units of work or power (Table 3) . However, lesioned animals engaged in significantly less voluntary running than control operated hamsters (Table 3) .
Experiment 4: Capacity of Muscles to Utilize Metabolic Substrates in Septal-Lesioned and Control Hamsters
No difference was found in the oxidative capacity of quadriceps muscle between septal-lesioned (day 20: 1.75-_.0.3, day 45:1.55--.0.3 ml 0~lghtr) and control hamsters (day 20: 1.42___0.2, day 45:1.97___0.3 ml 0~/g/hr):
Experiment 5: Norepinephrine-lnduced Thermogenic Capacity in Septal-Lesioned and Control Hamsters
Lesions accelerated ponderal growth from 0.5 +--0,1 g/day to 2.9---0.3 g/day (p<0.001), Baseline heat production was similar in lesioned (2.4___0.4 ml 0~/~ar) and control-operated hamsters (2.8---0.1 ml 02/g/hr). However, septal-lesioned animals were significantly less responsive to the sympathetic activation of heat production. Their norepinephrine-induced metabolic rate was only 4.2_+0.5 ml 02/g/hr compared to 6.2___0.3 ml 02/g/hr in control operated hamsters 09<0.01).
Location of Brain Damage and Correlation with Running Deficit
To identify brain area most closely associated with hypoactivity and increased ponderal growth, histological damage was plotted for seven lesioned hamsters from experiments 1 and 3 whose postoperative running levels were less than 2,000 RPD and whose rate of weight gain was 1.1___0.2 g/day. In this group of animals, damage was confined to rostromedial septum and extended about 1.5 mm anterior to the anterior commissure (Fig. 2) .
To relate hypoactivity to lesion-induced anabolism we examined the correlation between these two variables in 17 septal-lesioned hamsters from Experiments 1 and 3 and in seven control hamsters from Experiment 3 that have been exposed to voluntary running for 3 days, a period of time that is too brief to accelerate somatic growth. In neurologically intact, slowly growing hamsters (-0.01 to 0.49 g/day) there was a negative correlation between ponderal growth and activity level y = -0.0000009_+0.28, p<0.001 (Fig. 3 ). By contrast, in lesioned hamsters growing at rates between 0.49 and 2.32 g/day, there was a positive correlation between ponderal growth and activity level, y = 0.000293 x + 1.1367 (p<0.01).
DISCUSSION
The purpose of this study was to determine the basis for the hypoactivity that accompanies rapid weight gain in hamsters with septal lesions.
We first ruled out the availability of metabolic fuels as the cause for septal-lesion-induced hypoactivity. Eng et al. [19] have hypothesized that hypoactivity in female rats which gain weight rapidly following cuts parasagittal to medial basal hypothaiamus, was the result of oversecretion of insulin and of the supposed diminished availability of metabolic fuels for exercise. Although in our septal-lesion model, rapid anabolism is accompanied with significant increases in serum insulin and growth hormone concentrations (Table 2) , high titers of anabolic hormones did not affect the amounts of metabolic fuels available for exercise (Table 2) . We have, furthermore, found no differences between lesioned and control hamsters in the ability of muscle homogenates to oxidize malate and pyruvate (Experiment 4). Long-duration, moderate-intensity exercise, such as is carried out each night by neurologically intact hamsters [2] depends on body fat as a metabolic fuel [3] and requires mitochondrial aerobic oxidation of this fuel. In the running hamster, the use of body fat as metabolic fuel is evident from continuous reductions in body fatness in spite of rapid body growth, throughout the four weeks of exposure to running To gain a better insight into the nature of hypoactivity that accompanies rapid weight gain, we determined that septal-lesion-indnced hypoactivity is characterized by the normal number of running bouts, but by reduced duration of individual runs, reduced speed of running and increased duration of pauses between the runs (Table 1) . On the other hand, septal-lesioned hamsters displayed normal levels of general locomotor activity (Table 1 ). This pattern of locomotor deficits suggested to us that hypoactivity on horizontal discs was not the outcome of general reduction in psychomotor arousal. Rather either a decreased motivation to engage in voluntary running, or decreased capacity of running to mobilize metabolic fuels was responsible for the observed hypoactivity on the running discs in hamsters with septal lesions. The motivational interpretation was particularly strongly supported by our treadmill experiments in which we have demonstrated that septal-lesioned hamsters are capable of running as fast (Fig. 1 ) and as long (Table 3) as control hamsters if they are motivated by electric foot shock.
The motivational interpretation of the observed hypoactivity in septal-lesioned animals is consistent with the known involvement of cerebral catecholamines in incentive behaviors such as voluntary running and locomotion [20, 32, 36, 41, 44, 47, 54, 56) and intracranial serf-stimulation [15, 16, 21, 
25].
We assume that psychomotor arousal that accompanies voluntary running in hamsters requires normal concentrations of cerebral and hippocampal noradre~ne, because hamsters with rostromedial septal lesions (present experiment and [5] ), hippocampal transections [7] , and hypothalamic undercuts [8] , all of which induce hypoactivity, are accompanied with significant depletion of hippocampal and cerebral-cortical norepinephrine [9] . Electric shock is known to facilitate the release of norepinephrine in hypothalamus, hippocampus, and cerebral cortex in rats [33, 39, 43, 53] , the regions of the brain where catecholamines have been implicated in facilitation of locomotion and incentive behaviors in the rodents. Thus, shock-induced release of cerebral catecholamines could account for shock-induced normalization of running speed and endurance in septal-lesioned hamsters.
It is well known that heat production by the brown adipose tissue is activated by the sympathetic nervous sys- tem [24] . We have used a norepinephrine injection as a diagnostic test to see whether lesion-induced hypoactivity may be due to a reduced capacity of running to stimulate sympathetic activity. Our findings in Experiment 5 were opposite from those expected. In septal-lesioned hamsters, basal sympathetic activity, as reflected in basal metabolic rate, was normal, but peripheral response to experimentally administered sympathetic challenge was subnormal. Our tentative conclusion is that septal lesions influence target tissue responsiveness to sympathetic stimulation. Thus, reduced sympathetic output and deficient catecholamine metabolism in peripheral organs is present in hypoactive, genetically obese rodents [34, 35, 40] and is associated with weight gains that results from damage to medial basal hypothalamus [29, 45] which are also accompanied by hypoactivity. Although Experiment 5 does not support the notion that septal lesions induce reduced sympathetic outflow and concomitant reduction in mobilization of metabolic fuels for prolonged and rapid running bouts on activity discs, it does suggest that septal lesions render target tissues less sensitive to the effects of catecholamines. Thus lesioned hamsters may be unable to sustain long and rapid running bouts when they engage in disc running because of subnormal responsiveness of muscle, glycogen and lipid stores to the calorigenic stimulation by catecholamines. Since electric shock induces sympathetic arousal and release of adrenal medullary catecholamines [51] , it may correct lesion-induced hypoactivity by providing supranormal concentrations of catecholamines and thus by compensating for the reduced sensitivity of target tissues to this stimulus. This hypothesis needs to be put to a direct experimental test. We believe that our experiments shed light on the biological function of the observed negative correlation between the energy content of the body and the level of voluntary activity in mammals [3, 14, 17, 42] .
The disappearance of the negative correlation between these two variables in hypoactive rapidly growing animals ( Fig. 3) indicates that its neural substrate was damaged by our lesions. The noradrenergic cortical and hippocampal circuits may thus mediate psychomotor and metabolic arousal under circumstances involving adaptive responses of animals toward their environment, such as search for food, search for mates, or escape from predators. Increases in locomotion in energy-depleted rodents indicate enhanced psychomotor arousal that may promote vigorous exploration of the environment for food. Along the same line, increased titers of sex hormones facilitate running behavior in rats [55] , but not hamsters [3] , and may facilitate encounter of mates and reproduction. Increased length of daylight promotes increased levels of running activity in hamsters [18, 57] , and this seasonal influence may thus facilitate exploration of the environment for food and mates as well as enhance ponderal growth [2, 3] .
Running on activity devices is an artificial laboratory phenomenon, where activity devices with high reinforcing properties, allow us to study a brain circuit which ordinarily compels animals to make biologically sound but bioenergetically expensive locomotor responses.
